Current models of tumor cell invasion propose that oncogenic signaling converges upon key orchestrators of cytoskeletal dynamics, including c-Jun N-terminal kinase (Jnk) and RhoGTPase family members; these signals dynamically direct Actin remodeling proteins (ARPs) to catalyze the cytoskeletal changes required for migration. Src is a key driver of tumor aggression, metastasis and patient mortality. To clarify how Src regulates Actin dynamics to promote invasive migration, we performed a genetic modifier screen in a Drosophila model of invasion. Nine genes linked to Actin dynamics were identified that mediate invasion in situ. We found that ARPs were required for many oncogenic effects of Src including Mmp1 expression and initiation of apoptosis. Surprisingly, they were also regulators of Jnk pathway activity: both Src and the small GTPase Rho1 activated Jnk in a manner dependent on ARPs during invasion. Our results suggest that ARPs are not simply downstream executors of signal transduction pathways. Rather, they participate in a positive feedback network involving canonical oncogenic signaling pathways that promote tumor invasion.
INTRODUCTION
The protooncogene Src is dysregulated in a variety of cancers. High Src activity leads to many aspects of tumorigenesis including invasion, metastasis and subsequent mortality. The metastatic cascade begins with invasion, a process of in situ cell migration that depends on precise, dynamic and continuous remodeling of the Actin cytoskeleton.
Our understanding of how oncogenes such as Src direct actin remodeling to promote invasion has come largely from work in cell culture, which has provided an important framework but may miss aspects of local interactions. Most models stipulate that Src signals converge upon the Rho family members including Rac1 and RhoA. 1 These small GTPases in turn orchestrate Actin remodeling proteins (ARPs) to direct Actin polymerization and membrane protrusion at the leading edge concurrent with actomyosin cable contraction and membrane retraction at the trailing edge. [2] [3] [4] In addition to regulating actin dynamics, Src can control cell exit from the epithelia through c-Jun N-terminal kinase (Jnk), an important mediator of matrix metalloprotease (MMP) activity required for extracellular matrix proteolysis. 1 To explore the mechanisms by which Src promotes tumor invasiveness, we utilized a previously established transgenic in situ invasion model of Src derepression in the Drosophila wing disc. Knockdown of C-terminal Src kinase (Csk) in spatially discrete populations of epithelial cells resulted in several hallmarks of invasion: adherens junction delocalization, basal extrusion, MMP expression and lateral migration; this phenotype required the participation of both Jnk and Rho1. 5 Here, we use a genetic modifier approach to explore the role of actin remodeling genes during Src-mediated cell migration in situ. We find evidence that regulators of dynamic actin turnover are required for positive feedback communication between Rho1 and Jnk to drive invasion downstream of oncogenic Src.
RESULTS AND DISCUSSION
The ptc-GAL4 driver directs the expression of transgenes within several tissues, including a stripe of cells at the anterior/posterior boundary in the Drosophila larval wing disc as visualized with UAS-GFP (Figure 1c ). Src derepression within the ptc domainutilizing RNA interference (RNAi)-mediated Csk knockdown (abbreviated ptc4csk RNAi )-led to basolateral invasion of epithelial cells into the posterior compartment. 5 In addition, we observed that knockdown of Csk in the various ptc domains led to a high rate of lethality before adult eclosion.
To understand how Src activation leads to dynamic cytoskeletal changes consistent with an invasive process, we conducted a genetic modifier screen of actin remodeling components using organism lethality as a putative proxy for epithelial cell invasion ( Figure 1a ). Our screen consisted of candidates previously demonstrated to have a role in actin remodeling. We included the bsk/jnk, mmp1 and mmp2 loci-which are required for Src-driven migration in the ptc domain 5, 6 -as potential positive controls. Many of the genes tested encode for proteins that directly bind or associate with F-and G-actin. We focused on lossof-function lines for 29 genes located on the second chromosome (Supplementary Figure 1) . Multiple alleles of individual genes were tested when available. In the specific case of the loci encoding the two Drosophila MMPs, mmp1 and mmp2 were recombined onto a single chromosome to account for possible functional redundancy. In total, we tested 46 alleles (Supplementary Figure 1) .
ptc4csk
RNAi flies were crossed to each candidate allele; we quantified the ratio of surviving ptc4csk
RNAi candidate À / þ to the other genotypes (Supplementary Figure 2B) . Our analysis identified 16 loci (20 alleles) that significantly modified the baseline lethality of ptc4csk
RNAi flies. This list included all three positive control loci, bsk/jnk, mmp1 and mmp2 (Figure 1b, Supplementary  Figure 2B ). Different alleles of the same locus generally displayed a consistent trend on lethality, for instance Sop2 and ena. An exception was shg, encoding the Drosophila ortholog of E-cadherin: two alleles (shg R6 and shg R69 ) acted as suppressors, whereas the third (shg 2 ) was an enhancer. shg R69 is a protein-null allele, whereas shg R6 is a weak, homozygous viable loss-of-function allele.
7 shg 2 on the other hand carries two missense mutations, encoding a defective protein proposed to impair only some of E-cadherin functions, 8 which could explain the unexpected behavior of this allele. We also obtained inconsistent results with dock.
To validate the hits as bona fide modifiers of Src-mediated invasion and to resolve discrepancies, we dissected wing discs of each genotype to directly visualize green fluorescent protein- Modifier alleles are represented on the x axis, and the proportion of wing discs scored under each phenotypic category is depicted on the y axis. 420 wing discs of each genotype were scored and binned into one of the four migration categories based on the relative number of migrating cells observed; this procedure was performed at least twice and results were pooled. Phenotypic categories: none: no invasion, weak: 1-40 cells in the posterior compartment, moderate: 40-120 cells, strong: 4120 cells. To facilitate the detection of modifier genotypes, category thresholds and cutoffs were defined such that the distribution of the invasion strength in the positive control (ptc4dcr2, csk RNAi ) would be centered around the moderate class. Wilcoxon Rank Sum test was used to compute P-values with respect to the control genotype; a Bonferroni correction was used to calculate the a ¼ 0.05 threshold based on the number of comparisons being made to each control genotype. Asterisks denote Bonferroni-corrected hits (a ¼ 0.05), (*) denotes hit if nonBonferroni-corrected. All comparisons were made vs ptc4csk
RNAi ; red and green asterisks represent enhancers and suppressors, respectively. marked cell migration. Each disc was binned into one of the four phenotypic categories based on the number of migratory cells: 'none', 'weak', 'moderate' and 'strong' (Supplementary Figures 2C-F) . This secondary analysis unambiguously identified nine hits: five suppressors and four enhancers (Figures 1b-j) . This list expands to include a tenth enhancer, scar, if we relax the Bonferroni criterion ( Figure 1j ). Consistent with the results from our lethality screen, the shg 2 allele gave rise to a variable, intermediate phenotype that was not statistically significant. We failed to observe suppression with the weak loss-of-function allele shg R6 , suggesting that that lethality is more sensitive to a reduction in E-cadherin function than invasion. We did not include the null allele shg R69 in our secondary screen, as we have previously shown that it suppressed csk RNAi -mediated invasion. 5 Results from the primary and secondary screen were in agreement for most hits, indicating that organismal lethality is a useful primary screening read-out. Interestingly, two of the suppressors from the primary screen, cbp and dia, behaved as enhancers of csk RNAi -mediated invasion. This discrepancy suggests that Src may interact differently with ARPs in different contexts.
Given that loci were tested as loss-of-function alleles, the simplest model to account for these hits is one in which (i) suppressors are activated by Src and required for invasion, and (ii) enhancers are negative targets of Src that inhibit the cytoskeletal dynamics required for invasion.
ARPs regulate cell migration, Jnk activation ARPs are generally thought to be downstream of Src signaling. We explored the relationship between Src and the core cytoskeletal remodeling machinery in more detail, focusing on the four suppressors identified in our screen: tsr (twinstar; Drosophila Cofilin), zip (zipper; myosin II heavy chain), ena (enabled; enabled) and tum (tumbleweed; RacGAP50) ( Figure 1, Supplementary  Figure 2) .
Src activation leads to basal extrusion and migration, with most invading ptc4csk
RNAi cells eventually undergoing apoptosis.
5
Induction of MMP expression and activation of the apoptosis pathway are two key features of csk RNAi -mediated invasion (Figures  2a and b) . Apoptosis of ptc4csk
RNAi cells requires participation of the Jnk pathway. 5 Jnk pathway signaling is also a major transcriptional regulator of MMPs, 1, 9 proteases required by cells to migrate out of epithelia. Surprisingly, reducing the gene dosage of each of the four suppressor hits strongly suppressed csk RNAi -mediated MMP1 expression and caspase activation (Figures 2b-f) , indicating a block in Jnk signaling (Figures 2f and g 0 ). Our data suggested the surprising possibility that, in addition to the cytoskeletal remodeling required for cell migration, ARPs are required upstream of Jnk activation. We probed for Jnk pathway activation using puc-lacZ, a transcriptional reporter that also disrupts the Jnk negative regulator puc.
10 Consistent with our previous finding that Src requires Jnk activity for invasive behavior, 5 ptc4csk RNAi expression robustly activated Jnk pathway signaling (Figures 2g and h Supplementary Figure 2C) . As anticipated, increased Jnk pathway activity-through disruption of puc-also enhanced migration, further validating the functional connection between Src and Jnk (Figures 2b and h ). 10 We next examined the role of ARPs in mediating the connection between Src and Jnk. Strikingly, reducing the gene dosage of tsr, zip, ena and tum led to a strong suppression of puc-lacZ expression or migration (Figures 2h-l) . This finding supports our Mmp1 and caspase data, indicating that ARPs act on the Jnk pathway in the context of Src-driven invasion (Figures 3c-c  0 ) . That is, ARPs mediate invasion signals from Src to Jnk.
Src signals to Jnk through Rho1 and ARPs
One candidate to connect Src signaling to the actin cytoskeleton is Rho1, a RhoA ortholog and central upstream regulator of cytoskeletal dynamics and cell motility; RhoA is frequently overexpressed in cancer. 11 Rho1 is a required target of Src signaling during invasion; as previously shown, the expression of Rho1 alone is sufficient to direct migration (Figure 3a) . 5, 12 To test whether ARPs were also downstream of Rho1-directed invasion, we focused on two of our hits, tsr and ena. Reducing the gene dosage of either suppressed Rho1-induced migration (Figures 3b  and c) . This indicates that, similar to Src, Rho1 requires core components of the actin remodeling complex to promote cell invasion.
We next confirmed that this Csk-Src-Rho1-ARPs axis lies upstream of Jnk. Mammalian reports have placed Jnk downstream of RhoA signaling 13 and, indeed, activation of Rho1 led to Jnk activity as assessed with puc-lacZ (Figure 3a 0 ). Importantly, this Rho1-dependent Jnk activity was suppressed in tsr À / þ and ena À / þ genetic backgrounds (Figures 3b and c  0 ) . Together, these results identify an invasion axis leading from Src to Rho1 to ARPs to Jnk.
A signaling loop regulates cell invasion In addition to signaling, we observed more classical roles for Rho1 and ARPs. Activation of Jnk by overexpressing the upstream Jnk activator hep (a Jnk kinase 9 ) was sufficient to induce invasion ( Figure 3d ). This Jnk pathway-dependent invasion was suppressed by reducing the gene dosages of tsr and ena (Figures 3e and f, as well as knockdown of Rho1 (Figures 3g and h ). This result suggests that Rho1-and its numerous effectors including the ARPs-are required both upstream (signaling) and downstream (cytoskeletal remodeling) of Jnk. Overall, these experiments suggest Rho1, Jnk and the actin remodeling machinery operate in a positive feedback signaling loop, such that each component regulates other members of the loop to execute a program of cell invasion (Figure 3j) .
We next tested whether the effects of the ARPs on csk RNAidirected invasion were cell-autonomous. Interestingly, RNAimediated knockdown of our hits in the ptc domain led to Jnk pathway activation, induction of Mmp1 expression and a mild invasion phenotype (Supplementary Figures 3A-D) . Reducing the level of these essential genes may have activated the JNK pathway as part of the stress response, resulting in the mild invasion phenotype we observed. These findings suggest that genetic manipulations that induce stress can exacerbate invasion through activation of the Jnk pathway and Mmp expression. In particular the enhancers identified in our screen may work by this mechanism; these findings could also explain the opposite behavior of the capping proteins cpa and cpb in our screen.
Due to background activation of the Jnk pathway in response to knockdown of our suppressors, we were not able to assess whether the requirement for ARPs during Src-directed invasion was cell-autonomous ( Supplementary Figures 3F-J) . However, we found that many aspects of Src-directed invasion were cell-autonomous. For instance, knocking down mmp1-but not mmp2-in the ptc domain reduced MMP1 expression within the posterior compartment (Supplementary Figures 4D 0 -F 0 ), indicating that MMP1 expression is induced specifically in csk RNAi cells. Knockdown of either mmp1 and mmp2 within the ptc domain suppressed csk RNAi -directed invasion (Supplementary Figures  4D-F) , further indicating a cell-autonomous requirement for MMPs in csk RNAi cells. We observed a similar cell-autonomous requirement for Jnk signaling: blocking Jnk signaling within the ptc domain reduced both csk RNAi -induced invasion and MMP1 expression (Supplementary Figures 4G and G  0 ) . Apoptosis was also blocked by inhibiting JNK signaling or reducing activity of the initiator caspase Dronc specifically within the ptc domain (Supplementary Figure 5) . We conclude that the requirement for ARPs is also likely to be cell-autonomous.
A novel role for cytoskeleton remodeling proteins in positive feedback signaling These results broaden the potential roles for ARPs beyond cytoskeletal regulators that promote changes in cell shape. 4 During invasion, cells must acutely sense their physical and chemical environment to compute the cytoskeletal changes required for movement. Our model of 'actin pathway signaling' is supported by in vitro pharmacological work 14 , and complements models of mechanotransduction. 15, 16 Given the role of ARPs in directly regulating actin, perhaps actin itself regulates gene expression during cell invasion. [17] [18] [19] [20] Relevant to this point, studies have suggested that Cofilin, which possesses a nuclear localization signal, may shuttle actin monomers into the nucleus. 21 Future studies of the localization and timescale of Rho1-actin-Jnk activation may help address these issues. This Rho1-ARPs-Jnk positive feedback loop presumably reflects a pathway that is active during normal development and homeostasis. Positive feedback loops are a common feature in development as a cell commits towards distinct programs. Here we demonstrate that activation of Jnk and Rho1 are each necessary and sufficient for the migration of otherwise untransformed wing epithelial cells. Their mutual activation may provide a means for wild-type epithelial cells to commandeer the actin remodeling machinery during processes such as epithelial cell patterning and wound healing. Regarding cancer metastasis, this circuit logic additionally suggests that tumor cells need not extensively accumulate mutations in order to invade; mutations leading to irreversible commitment to migration may actually hinder later steps of metastasis. In situ, tumors heavily rely on extrinsic signals to direct them through the sequential ; (e) UASdcr2/UAScsk RNAi ; ptc-gal4 UASGFP/tum DH15 ; (g-l) Removing a genomic copy of actin remodeling genes suppressed ptc4csk
DH15 ; puc-LacZ/ þ . Antibody staining performed as previously described. 24 Primary antibodies: Mmp1 (mouse, 1:100, DSHB), cleaved caspase-3 (rabbit, 1:100, Cell Signaling Technology, Inc., Danvers, MA, USA), b-gal (rabbit, 1:10 000, Cappel, ICN Costa Mesa, CA, USA). Secondary antibodies: Alexa-596 goat-anti rabbit (1:1000, Invitrogen, Life Technologies Grand Island, NY, USA), Alexa-633 goat-anti mouse (1:1000, Invitrogen, Life Technologies). Cleaved caspase-3 staining in Drosophila is shown to be a read-out of the initiator caspase Dronc activity and an indicator of activation of apoptosis. RNAi / þ . Antibody staining performed as previously described. 24 Primary antibody: b-gal (rabbit, 1:10 000, Cappel). Secondary antibody: Alexa-596 goat-anti rabbit (1:1000, Invitrogen, Life Technologies).
tumorigenic programs required to successfully metastasize, and the Rho1-ARPs-Jnk loop may represent an early step towards a cell's commitment to migrate.
Local interactions between transformed cells and their wild-type neighbors within the context of the epithelial microenvironment represent the first step towards metastasis. Invasion paradigms in Drosophila provide an opportunity for a detailed genetic dissection of these early steps of tumor progression. Recent findings in human tumor sections as well as using three-dimensional culture approaches have confirmed findings from earlier Drosophila studies. 6, 22, 23 This marked conservation between Drosophila models and human tumors helps validate simple model systems such as Drosophila for the study of invasion.
